POMC neurons play a central role in the maintenance of whole-body energy homeostasis. This balance requires proper regulation of POMC neurons by metabolic hormones, such as insulin. However, the heterogeneous cellular population of the intact hypothalamus presents challenges for examining the molecular mechanisms underlying the potent anorexigenic effects of POMC neurons, and there is currently a complete lack of mature POMC neuronal cell models for study. To this end, we have generated novel, immortalized, adult-derived POMC-expressing/a-MSH-secreting cell models, mHypoA-POMC/GFP lines 1-4, representing the fluorescence-activated cell-sorted POMC population from primary POMCeGFP mouse hypothalamus. The presence of Pomc mRNA in these cell lines was confirmed, and a-MSH was detected via immunofluorescence. a-MSH secretion in the mHypoA-POMC/GFP-1 was found to increase in response to 10 ng/ml ciliary neurotrophic factor (CNTF) or 10 nM insulin as determined by enzyme immunoassay. Further experiments using the mHypoA-POMC/GFP-1 cell line revealed that 10 ng/ml CNTF increases Pomc mRNA at 1 and 2 h after treatment, whereas insulin elicited an increase in Pomc mRNA level and decreases in insulin receptor (Insr (Ir)) mRNA level at 4 h. Furthermore, the activation of IR-mediated downstream second messengers was examined by western blot analysis, following the induction of cellular insulin resistance, which resulted in a loss of insulin-mediated regulation of Pomc and Ir mRNAs. The development of these immortalized neurons will be invaluable for the elucidation of the cellular and molecular mechanisms that underlie POMC neuronal function under normal and perturbed physiological conditions. 
Introduction
The hypothalamus is largely responsible for the integration of peripheral cues, such as hormones and nutrients, to direct appropriate physiological processes to maintain energy balance. Disruption in this equilibrium results in the central development of obesity and type 2 diabetes (T2DM) through the impaired function of the arcuate nucleus (ARC) of the hypothalamus (Mountjoy & Wong 1997 , Arora & Anubhuti 2006 , Morton et al. 2006 ). The ARC is critical to the control of metabolism as it contains two essential neuronal subpopulations, the anorexigenic proopiomelanocortin (POMC) neurons and orexigenic neuropeptide Y/agouti-related peptide (NPY/AgRP) neurons, which form the basis of the primary feeding circuits that regulate appetite and body weight (Cone et al. 2001) . Activation of NPY/AgRP neurons promotes an increase in food intake and energy storage while activation of POMC neurons results in feeding suppression and energy expenditure.
Peripheral satiety signals, such as insulin, gain access to the ARC of the hypothalamus and regulate POMC neurons (Baskin et al. 1999) . Insulin signal transduction has been defined in the periphery and in the whole hypothalamus. Upon insulin binding, the insulin receptor (IR) dimerizes and is transphosphorylated at specific tyrosine residues, recruiting and phosphorylating IR substrate (IRS). Phosphorylated IRS activates phosphoinositide 3-kinase (PI3K) ultimately leading to phosphorylation of Akt, which triggers several downstream signaling cascades, including the inhibitory phosphorylation of the transcription factor forkhead box protein O1 (FOXO1). Activated FOXO1 induces Npy transcription and represses Pomc expression, while inhibitory phosphorylation of FOXO1 causes its translocation out of the nucleus, resulting in increased Pomc mRNA and decreased Npy mRNA levels (Kim et al. 2006 , Kitamura et al. 2006 , Plum et al. 2006a . Insulin signal transduction also stimulates the MAPK pathway leading to mitogenesis (Reusch et al. 1995) .
Despite our growing understanding of insulin signal transduction, much remains to be elucidated regarding the effects of insulin specific to neuronal subpopulations of the hypothalamus. The modulation of POMC neurons by signals from the periphery and the CNS, including insulin, leptin, serotonin, ciliary neurotrophic factor (CNTF), glucose, and fatty acids, merits further investigation (Xu et al. 2008 , 2010 , Couvreur et al. 2011 . Additionally, emerging in the literature are numerous processes that contribute to the pathophysiology of the metabolic syndrome, including hormone resistance, inflammation, and autophagy (Kaushik et al. 2012 , Varela & Horvath 2012 . In particular, obesity is frequently associated with central insulin resistance, or the inability of insulin to exert its appropriate effects on key hypothalamic neuronal populations (Konner & Bruning 2012) . It is now becoming accepted that hormone resistance does not affect all neurons uniformly but can perturb specific downstream pathways within a cell or affect specific neuronal subpopulations (Konner & Bruning 2012) . All this warrants more research into the functional differences between diverse neuronal subpopulations.
The Cre-lox technology has led to substantial advancements in our understanding of the regulators of POMC neuronal function. For example, in mice lacking IRs and leptin receptors specifically in POMC neurons (Pomc-Cre, Lepr flox/flox , and Ir flox/flox mice), it has been confirmed that the direct action of these hormones on POMC neurons is essential for the maintenance of energy and glucose homeostasis (Hill et al. 2010) . However, mechanistic studies are vital to increasing our understanding of the disturbances in molecular processes that underlie the development of obesity, T2DM, and other diseases associated with the metabolic syndrome. But it remains challenging to perform detailed molecular studies on the transcriptional regulation of neuropeptides, signal transduction events, and especially secretion of bioactive molecules occurring within POMC neurons, due to the anatomical complexity of the hypothalamus compounded by the complete lack of mature POMC neuronal cell models. Hence, the immortalization of mature POMC neurons would be favorable to facilitate the investigation of the cellular and molecular mechanisms underlying their physiology and pathophysiology. To this end, our laboratory has generated four cell models representing the entire complement of hypothalamic POMC neurons from adult POMC-eGFP transgenic mice. Herein, we present the characterization of the neuronal cell models mHypoA-POMC/GFP lines 1-4 under insulin-sensitive and insulinresistant states, with the dual purpose of contributing to our understanding of the metabolic syndrome while providing researchers with representative in vitro models of POMC neurons.
Materials and methods

mHypoA-POMC/GFP cell line immortalization and flow cytometry
Adult mouse hypothalamic neurons were immortalized as described previously (Belsham et al. 2009 ). In brief, four males, 8-week-old mice containing an eGFP transgene driven by the POMC promoter (strain C57BL/6J-Tg(Pomc-EGFP)1Low/J) were obtained from The Jackson Laboratory (Bar Harbor, ME, USA) and individual hypothalamii were isolated and dispersed into primary culture. All animal procedures were approved and performed in accordance with the Animal Use Protocols at the University of Toronto. Each culture was treated with 10 ng/ml CNTF (in PBS, R&D Systems, Minneapolis, MN, USA) to induce neuronal proliferation, allowing for viral infection with a plasmid construct containing the oncogene SV40
T-antigen and a neomycin resistance cassette. Cells that successfully incorporated the construct were selected for by treatment with 100 mg/ml G418 (Geneticin; Gibco, Life Technologies), a neomycin analog. Following immortalization, in order to select for POMC neurons specifically, each hypothalamic culture was fluorescence-activated cell (FAC)-sorted to separate GFP-expressing cells from nonfluorescent cells using a protocol previously described (Dhillon et al. 2011) . Four cell lines representing the heterogeneous population of hypothalamic POMC neurons were generated: mHypoA-POMC/GFP lines 1-4, which were used for further characterization. We also isolated one line from the pituitary of mouse 1 (mPitA-POMC/GFP-1) and found by immunocytochemistry (ICC) that it expressed adrenocorticotropic hormone (ACTH) peptide, a tissue-specific processing product from the Pomc gene in the pituitary. This line is not yet characterized.
Cell culture and reagents mHypoA-POMC/GFP neurons were grown in DMEM (Sigma-Aldrich) supplemented with 5% fetal bovine serum (FBS), 1000 or 4500 mg/l glucose (low glucose and high glucose respectively), and 1% penicillin-streptomycin (Gibco, Life Technologies). Cells were cultured in 5% CO 2 at 37 8C. Passage number is consistently limited to under 25. Human biosynthetic insulin gifted by Novo-Nordisk Canada, Inc. (Mississauga, ON, Canada) and CNTF were diluted in PBS prior to use in experiments.
Semiquantitative RT-PCR mHypoA-POMC/GFP neurons were grown in 60 mm plates (Sarstedt, Montreal, QC, Canada) to w80-85% confluency using high-glucose DMEM supplemented with 5% FBS. Total RNA was extracted from the mHypoA-POMC/GFP cells via the guanidinium thiocyanate phenol chloroform extraction method (Chomczynski & Sacchi 1987 , Belsham et al. 2004 Immunocytochemistry All cell lines were cultured for ICC on eight-well slides (BD Falcon, Mississauga, ON, Canada) at 37 8C with 5% CO 2 . Cells were grown to 75-80% confluency in using high-glucose DMEM supplemented with 5% FBS and processed using methods described previously (Dhillon et al. 2011) . Briefly, the cells were washed with PBS and fixed using 4% paraformaldehyde in PBS (Electron Microscopy Sciences, Hatfield, PA, USA). Cells were then washed again with PBS and then permeated with 0.2% Triton X-100 (in PBS) (SigmaAldrich). Cells were blocked with 5% BSA (Sigma-Aldrich) and 0.1% Triton X-100 in PBS overnight at 4 8C. Primary antibody incubation was conducted for 2 h at room temperature. Primary antibodies to a-melanocytestimulating hormone ( a-MSH) and GFP (Abcam, Inc., Cambridge, MA, USA) were diluted 1:200 in antibody dilution buffer (1% BSA and 0.1% Triton X-100 in PBS). Control wells were also incubated with 1% BSA and 0.1% Triton X-100 in PBS. Cells were then incubated with Alexa Fluor 555 goat anti-rabbit and Alexa Fluor 488 donkey anti-mouse secondary antibodies diluted 1:500 in antibody dilution buffer, with the addition of TO-PRO-3 nuclear stain (1:1000 dilution) for 1 h (Life Technologies). Gaskets were mounted with ProLong Gold Antifade Reagent (Life Technologies). Cells were then visualized with a confocal laser-scanning microscope using an oil lens at a magnification of 40! (LSM 510; Carl Zeiss). GFP fluorescence was excited by the 488 nm argon laser line, and a-MSH and TO-PRO-3 were excited by the 543 nm helium-neon and the 633 nm helium-neon laser line respectively.
Enzyme immunoassay mHypoA-POMC/GFP-1 cells were grown on 24-well tissue culture plates (BD Falcon) to 85-90% confluency at 37 8C with 5% CO 2 . For the secretion assay, cells were incubated with 300 ml of lowglucose DMEM (Sigma-Aldrich), containing 5% FBS and 1% penicillin-streptomycin overnight (w16 h). The following morning, the media were removed from the designated wells and replaced with the low-glucose DMEM containing one of the following: PBS, 10 ng/ml CNTF, or 10 nM insulin, and incubated for 1 h. At the 40-min time point in this incubation, media were removed from wells allocated for the positive control group and was replaced with media containing 60 mM KCl. After a 20-min incubation, 250 ml media from each well were collected, placed in borosilicate glass tubes (VWR, Mississauga, ON, Canada), and dried and then finally stored at K80 8C until processing. Cells were washed once with cold PBS and lysed using 1! lysis buffer (Cell Signaling Technology, Inc., Danvers, MA, USA) with 1 mM PMSF (Sigma-Aldrich). Cells were scraped from the 24-well plates, vortexed briefly, and spun at 14 000 r.p.m. for 10 min, after which the supernatant was transferred to a fresh tube. Protein was quantified using a bicinchoninic acid (BCA) protein assay kit (Pierce, Thermo Fisher Scientific). Samples were collected in triplicate for each experimental repeat. a-MSH secretion was determined via enzyme immunoassay (EIA; Phoenix Pharmaceuticals, Inc., Burlingame, CA, USA). For this assay, the dried samples were rehydrated in 50 ml 1! assay buffer and the entirety of the sample was loaded onto the assay plate. a-MSH secretion values were normalized to total protein values.
Quantitative real-time RT-PCR (qRT-PCR)
mHypoA-POMC/GFP-1 neurons were grown in 60 mm plates (Sarstedt) to w80-85% confluency using highglucose DMEM supplemented with 5% FBS. For 8-h time course experiments, media were changed to low-glucose DMEM supplemented with 5% FBS overnight prior to starting the time course. Treatments were 10 nM insulin or 10 ng/ml CNTF or PBS as a negative control. For insulin resistance experiments, mHypo-POMC/GFP-1 cells were pretreated for 24 h with 100 nM insulin or PBS. To maintain elevated insulin levels, treatment or control media were refreshed 12 h after the start of pretreatment. Following pretreatment, the cells were washed with PBS and then re-challenged with 10 nM insulin or PBS. Cells were harvested 4 h following re-challenge. RNA was isolated and treated with DNase as described earlier and then reverse transcribed using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Life Technologies). Next, 50 ng cDNA was amplified by real-time PCR using a premade master mix: Platinum SYBR Green qPCR SuperMix-UDG w/ROX (Life Technologies), with primers specific to each gene of interest. Each sample was run in triplicate on the Prism 7900HT Sequence Detection System (Applied Biosystems, Life Technologies) and amplified with the following conditions: 2 min at 50 8C, 2 min at 95 8C, 40 cycles of 15 s at 95 8C followed by 1 min at 60 8C, 15 s at 95 8C, 15 s at 60 8C, and finally 15 s at 95 8C. qRT-PCR data were quantified using the standard curve method and normalized to the housekeeping gene, histone 3A. Primer sequences are listed in Supplementary  Table 2 , see section on supplementary data given at the end of this article.
Western blot analysis
For 1-h time course experiments, mHypoA-POMC/GFP cells were grown to w95% confluency, serum-starved for 4 h, and then treated with 10 nM insulin or PBS. For insulin resistance experiments, mHypoA-POMC/GFP cells were pretreated with 100 nM insulin or PBS for 24 h. Media were removed and replaced with fresh treatment media at the mid-point of the pretreatment period to maintain elevated insulin levels. Following 24 h of insulin pretreatment, the cells were washed with PBS and incubated for 1 h in fresh low-glucose DMEM (0% FBS) without insulin to allow protein phosphorylation levels to return to basal levels. Next, the cells were re-challenged with 10 nM insulin or PBS control for 15 min prior to protein harvesting. Protein was harvested using a 1! lysis buffer (Cell Signaling Technology, Inc.) supplemented with 1 mM PMSF, Phosphatase Inhibitor Cocktail 2 (Sigma-Aldrich), and Protease Inhibitor Cocktail (Sigma-Aldrich) according to manufacturer's instructions. Twenty-five micrograms of protein were run on an 8-10% SDS-polyacrylamide gel and transferred onto Immobilon-P PVDF membranes (BioRad). The membranes were blocked and incubated overnight with primary antibody at 4 8C and subsequently with HRP-linked secondary antibody for 1 h. Blots were visualized by exposure to the Amersham ECL Select Western blotting detection reagent (GE Healthcare, Baie d'Urfe, QC, Canada) and imaged using the Kodak Image Station 2000R. After imaging, membranes probed with phospho-specific antibodies were stripped using Restore Plus Western blot stripping buffer (Thermo Fisher Scientific) and re-probed with primary antibodies specific to total protein as loading controls. Protein levels were normalized to either total protein or G protein b (Gb) values where appropriate. Gb antibody was purchased from Santa Cruz Biotechnology. The anti-Akt, phospho-specific-Akt (Ser473), ERK1/2 (p44/p42), phospho-specific-ERK1/2 (Thr202/Tyr204), IRb, anti-FOXO1, and phospho-specific-FOXO1 (Ser256) antibodies were obtained from Cell Signaling Technology, Inc.
Statistical analysis
Data were analyzed using SigmaPlot 12 software (SigmaPlot, San Jose, CA, USA) and are presented as meanGS.E.M. According to the nature of the data, one-or two-way ANOVA was used, followed by Bonferroni's post-hoc test, where a P value of !0.05 was considered significant.
Results
Characterization of mHypoA-POMC/GFP cell lines mHypoA-POMC/GFP cell lines were generated via immortalization and FAC sorting of primary hypothalamic cultures from four POMC-eGFP transgenic mice. Each cell line was probed using antibodies specific to a-MSH and GFP and visualized using ICC to confirm cell phenotype (Fig. 1) . ICC verified co-expression of a-MSH and GFP in mHypoA-POMC/GFP cells in culture. One-step RT-PCR was performed to determine the gene expression profile of each cell line (Fig. 1) , and all cell lines were found to express the neuronal marker, neuron-specific enolase (NSE), as well as the anorexigenic neuropeptides, POMC, and cocaine-and amphetamine-regulated transcript (CART). Transcript levels of IR and POMC posttranslational processing enzymes were also detected. Although all four mHypoA-POMC/GFP cell lines exhibit a general neuronal appearance including a cell body and axonal/ dendritic projections, they differ from each other in morphology and gene expression profile. We selected the mHypoA-POMC/GFP-1 cell line for further investigation due to higher expression levels of POMC and GFP than the other three cell lines, as shown by ICC (Fig. 1) , as well as co-expression of the insulin signaling machinery.
CNTF, insulin, and KCl directly increase a-MSH secretion in the mHypoA-POMC/GFP-1 neurons
In order to further validate the mHypoA-POMC/GFP 1 cell line as a representative model of POMC neurons, we analyzed a-MSH secretion in response to 10 ng/ml CNTF, 10 nM insulin, and 60 mM KCl as a positive control for maximal secretion. We demonstrate that CNTF, insulin, and KCl significantly increase a-MSH secretion in the mHypoA-POMC/GFP-1 neurons (Fig. 2 ).
CNTF and insulin induce Pomc mRNA expression in mHypoA-POMC/GFP-1 neurons
To test the mHypoA-POMC/GFP-1 cell model for viability for gene regulation studies, we treated the cells with 10 ng/ml CNTF or 10 nM insulin and assessed mRNA expression levels of c-fos (Fos), a marker of neuronal activation (Sagar et al. 1988) , and Pomc. Both CNTF and insulin treatments increased c-fos expression ( Fig. 3A and  B) . Pomc mRNA levels were also increased at 1 and 2 h after administration of CNTF (Fig. 3C) . At 4 h following treatment, insulin significantly increased Pomc transcript levels ( Fig. 3D ) and slightly decreased Insr (Ir) mRNA expression (Fig. 3E ). There were no significant differences in gene expression of IRS1, IRS2, carboxypeptidase E (CPE), peptidyl a-amidating monooxygenase (PAM), or N-acetyltransferase (N-AT) mRNA between treatment groups (Supplementary Figure 1 , see section on supplementary data given at the end of this article). These results confirm that insulin directly regulates transcriptional activity of specific genes within POMC neurons.
Insulin induces Akt and ERK phosphorylation in mHypoA-POMC/GFP-1 neurons
Similar to insulin action in the periphery, insulin signal transduction in the CNS is mediated mainly through the PI3K and MAPK/ERK pathways (Vogt & Bruning 2013) . Insulin is known to act primarily through the PI3K-Akt pathway within POMC neurons while the function of the MAPK pathway is less clear (Vogt & Bruning 2013) . In order to determine whether these key pathways are activated by insulin within the mHypoA-POMC/GFP-1 neurons, cells were treated with 10 nM of insulin or PBS control over a 1-h time course. Compared with timematched controls, insulin caused robust phosphorylation of Akt at 5, 15, 30, and 60 min (Fig. 4A ) and raised phospho-ERK1/2 levels at 5 and 15 min (Fig. 4B) following treatment, indicating activation of both the PI3K and MAPK pathways.
Insulin signal transduction is disrupted by chronic insulin exposure
To determine the cellular ramifications of POMC neuronal insulin resistance, we aimed to induce insulin resistance in mHypoA-POMC/GFP neurons and observe the 
Figure 3
Gene expression levels in the mHypoA-POMC/GFP-1 neurons can be regulated by treatment with CNTF or insulin. Cells were treated with 10 ng/ml CNTF, 10 nM insulin, or PBS vehicle, and RNA was isolated and treated with DNase prior to generating cDNA for qRT-PCR. Results are normalized to the levels of histone 3A transcript and expressed as meansG S.E.M. CNTF (A) and insulin (B) increased c-fos mRNA expression at 30 (**P!0.01 by two-way ANOVA, nZ4 independent experiments) and 15 min (*P!0.05, nZ3 independent experiments) after treatment respectively. (C) CNTF also raised Pomc mRNA levels at 1 (*P!0.05) and 2 h (**P!0.01) after treatment (nZ4 independent experiments). At 4 h after treatment, insulin significantly upregulated Pomc (D) and reduced Ir (E) gene expression compared with time-matched controls (*P!0.05, nZ4 independent experiments).
phosphorylation status of key signaling molecules. Our laboratory has optimized the procedure for the induction of insulin resistance in neuronal cell lines (Mayer & Belsham 2010 , Nazarians-Armavil et al. 2013 . We have previously established that exposure to a minimum of 100 nM of insulin for 24 h is required to induce a state of insulin resistance in our cell models. Thus, the mHypoA-POMC/GFP cell lines were pretreated with 100 nM insulin or PBS vehicle for 24 h and then re-challenged with 10 nM insulin or PBS control for 15 min prior to protein harvesting. It was determined that prolonged insulin exposure significantly attenuates insulin signal transduction, as demonstrated by the loss of insulin-induced phosphorylation of Akt and FOXO1 ( Fig. 5 and Supplementary Figure 2 , see section on supplementary data given at the end of this article). Furthermore, a substantial attenuation in protein levels of the b subunit of the IR (IRb) (Fig. 5 and Supplementary Figure 2) was observed in all four mHypoA-POMC/GFP cell lines following insulin pretreatment.
Pretreatment with insulin inhibits insulin-mediated regulation of gene expression
In order to determine the effects of insulin resistance on insulin modulation of POMC neuronal function, the insulin-mediated regulation of gene transcript levels was analyzed following the induction of insulin resistance. mHypoA-POMC/GFP-1 cells were subjected to prolonged insulin exposure as described earlier and then re-challenged with 10 nM insulin or PBS vehicle. RNA was isolated 4 h following treatment and transcript levels were analyzed using qRT-PCR. In cells pretreated with vehicle, insulin re-challenge increased Pomc mRNA levels ( Fig. 6A ) and decreased Ir gene expression (Fig. 6B) . These changes were eliminated in cells subjected to insulin pretreatment ( Fig. 6A and B) . Insulin (100 nM) pretreatment also caused an induction in Pomc mRNA expression independent of re-challenge with 10 nM insulin (Fig. 6A ).
Discussion
In this report, we have characterized our newly generated cell models, mHypoA-POMC/GFP lines 1-4, representing the mixed population of in vivo POMC neurons. All cell lines display neuronal morphology and express NSE, a marker of mature, fully differentiated neurons. ICC revealed co-expression of GFP and a-MSH, indicating successful FAC sorting. The co-expression of POMC with CART is consistent with findings obtained through immunohistochemistry on hypothalamic slices (Elias et al. 1998) . Additionally, the presence of transcripts encoding IR and POMC posttranslational processing enzymes suggests that the cells are suitable for investigating hormonal regulation of POMC and its derivatives, such as a-MSH. Given the results of our initial investigation, we proceeded to test mHypoA-POMC/GFP-1 cells for the ability to secrete a-MSH. Our EIA data confirm that the mHypoA-POMC/GFP-1 cell line not only has the capability to synthesize Pomc mRNA but also to secrete the Insulin increases phosphorylation of second-messenger proteins in mHypoA-POMC/GFP-1 neurons. Cells were harvested over a 1-h time course after treatment with 10 nM insulin or PBS. Protein was isolated and subjected to western blot analysis. Results depict levels of phospho-protein normalized to levels of total (phosphorylated and non-phosphorylated) protein (meansGS.E.M.). Representative blots of phosphorylated and total protein are shown below each graph. Insulin caused activation of AKT (A) at all time points after treatment (***P!0.001 by two-way ANOVA, nZ3 independent experiments) and ERK (B) at 5 and 15 min after treatment compared with time-matched controls (*P!0.05, nZ5 independent experiments).
a-MSH peptide in response to CNTF and insulin. While insulin has been shown through electrophysiological studies to cause an acute hyperpolarization of POMC neurons (Choudhury et al. 2005 , Plum et al. 2006b ), the increase observed in a-MSH release from the mHypoA-POMC/GFP-1 line after 1 h of treatment is more consistent with the role of insulin, similar to CNTF in decreasing feeding and body weight in the whole animal (Air et al. 2002 , Kokoeva et al. 2005 , Brown et al. 2006 , Purser et al. 2013 . The disparity between electrophysiological data, and results from our cell line and from in vivo work, should be explored further to improve our understanding of insulin action in POMC neurons. Our cell model may be useful in bridging this gap, as studies on the regulation of a-MSH secretion specifically from hypothalamic POMC neurons are not possible to perform in vivo or ex vivo.
We have also demonstrated that gene expression in the mHypoA-POMC/GFP-1 neurons is modulated in response to anorexigenic hormones CNTF and insulin. The cells were treated with CNTF as a positive control for induction of c-fos mRNA, a marker of neuronal activation (Sagar et al. 1988) , and Pomc mRNA (Ambati et al. 2007) , as the use of CNTF to stimulate neuronal proliferation during the immortalization process selects for neurons responsive Insulin pretreatment attenuates insulin signal transduction in mHypoA-POMC/GFP-1 neurons. Cells were pretreated with either 100 nM insulin (C) or PBS (K) for 24 h, washed with PBS for 1 h, and then re-challenged with 10 nM insulin or PBS for 15 min. Results are normalized to levels of total protein or Gb (meansGS.E.M., nZ3-4 independent experiments). Representative blots are shown below each graph. Insulin pretreatment severely attenuates insulin-induced phosphorylation of AKT (***P!0.001 by oneway ANOVA) and of FOXO1 in mHypoA-POMC/GFP-1 (*P!0.05). Total IRb levels are also reduced by insulin pretreatment in mHypoA-POMC/GFP-1 (***P!0.001). Pretreatment of mHypoA-POMC/GFP-1 neurons with 100 nM insulin dysregulates insulin-induced changes in gene expression. Cells were pretreated for 24 h with 100 nM insulin (C) or PBS (K), followed by re-challenge with 10 nM insulin or PBS for 4 h. Results are normalized to histone 3A mRNA expression levels and expressed as meansGS.E.M. Insulin re-challenge increased POMC transcript levels (A, *P!0.05 by one-way ANOVA, nZ5 independent experiments) and suppressed IR transcript levels (B, *P!0.05, nZ6 independent experiments) in cells pretreated with vehicle, but not in cells pretreated with insulin.
to CNTF. Having established that CNTF regulates gene expression in our cell model, we then treated the neurons with insulin and found that it also increased levels of c-fos and POMC. These results provide evidence that the mHypoA-POMC/GFP-1 neurons respond appropriately to insulin, as several groups have shown that insulin regulates transcriptional events within POMC neurons in vivo to induce expression of the Pomc gene (Brown et al. 2006 , Kitamura et al. 2006 , Plum et al. 2006a . Further studies will determine whether this effect is due to transcriptional regulation at the level of the promoter or to changes in RNA stability. Interestingly, while POMC expression was stimulated in the mHypoA-POMC/GFP-1 cells at 4 h after treatment, Ir mRNA levels were slightly decreased. As IR expression rebounded by 8 h despite the ongoing presence of insulin in the media, the transient decrease at 4 h likely does not represent a control mechanism for continued exposure to insulin. This phenomenon may be worth exploring further, as the acute effects of insulin on IR gene expression have not been previously studied. POMC is a precursor polypeptide that undergoes several posttranslational cleavage steps to generate a number of bioactive peptides. This process is regulated by the tissue-specific expression of prohormone convertases and processing enzymes (Pritchard et al. 2002 , Mountjoy 2010 . Within the hypothalamus, of particular interest to metabolic regulation is the potent anorexigenic neuropeptide, a-MSH. POMC neurons modulate energy homeostasis principally through this cleavage product. In order to generate a-MSH, POMC is initially cleaved by proprotein convertase 1/3 (PC1/3) into pro-ACTH and b-lipotrophin (b-LPH). Pro-ACTH is again cleaved by PC1/3, generating ACTH. Further processing requires PC2, which is expressed in the hypothalamus but not the pituitary. PC2 cleaves ACTH into ACTH1-17 and corticotrophin-like intermediate lobe peptide. PC2 function is modulated by 7b2, which can have differential effects on POMC processing by acting either as an inhibitor or a chaperone of PC2 (Lindberg et al. 1995) . Next, CPE removes C-terminal basic residues from ACTH1-17 and PAM amidates the resulting product, forming desacetyl a-MSH (DA-aMSH). N-AT converts DA-aMSH into mature a-MSH. It has been speculated that POMC posttranslational processing may be influenced by energy status and metabolic disease (Pritchard et al. 2002) . As little is known regarding the regulation of POMC posttranslational processing by insulin, we conducted mRNA studies on Cpe, Pam, and N-at2. It was found that in the mHypoA-POMC/GFP-1 neurons, insulin treatment did not affect transcript levels of Cpe, Pam, and N-at2 at the time points assessed. Whether or not insulin regulates the protein expression or activity levels of these enzymes may be an interesting topic for future investigation.
The two key signal transduction cascades that mediate insulin action in both the periphery and the CNS are the PI3K-Akt and MAPK/ERK pathways (Vogt & Bruning 2013) . We have confirmed that signaling in both pathways is intact in our POMC-expressing cell models as seen by the phosphorylation of Akt and ERK1/2 in response to insulin (data not shown for mHypoA-POMC/GFP lines 2-4). Hence, we proceeded to perform studies on insulin resistance in the mHypoA-POMC/GFP cell lines. The latest research has suggested that hyperinsulinemia leading to insulin resistance may be the primary cause of leptin resistance and obesity in vivo (Corkey 2012 , Mehran et al. 2013 . How cellular insulin resistance can hinder hormonal modulation of POMC neurons in particular is a pressing question that remains to be answered. Similar to previous studies from our laboratory on other hypothalamic cell lines, we found that pretreatment of the mHypoA-POMC/GFP neurons with elevated levels of insulin led to cellular insulin resistance as determined by the inability of insulin to induce Akt phosphorylation (Mayer & Belsham 2010 , Nazarians-Armavil et al. 2013 . However, the changes in gene expression that may accompany hormone resistance in POMC neurons have not yet been addressed and this may be a fundamental aspect of central insulin resistance. Insulin pretreatment in mHypoA-POMC/GFP-1 cells abolished the increase in POMC and decrease in Ir gene expression observed after insulin treatment in non-resistant cells. The dysregulation of POMC expression is particularly significant, as mice exhibiting lower Pomc gene expression due to disturbances in the PI3K pathway become obese and hyperphagic (Belgardt et al. 2008 , Iskandar et al. 2010 . Additionally, after the induction of insulin resistance, the mHypoA-POMC/GFP cell lines showed reduced phosphorylation of second-messenger proteins in the insulin signal transduction pathway, such as Akt and FOXO1. The failure of Akt to phosphorylate FOXO1 is a possible cause of the dysregulation of Pomc expression. The PI3K-FOXO1 pathway is essential to POMC neuronal function as disturbance or inhibition of key components of the PI3K pathway lead to an increased body weight associated with hyperphagia (Niswender et al. 2003 , Belgardt et al. 2008 , Iskandar et al. 2010 . Furthermore, all four mHypoA-POMC/GFP cell lines exhibited repressed IR protein levels after prolonged exposure to insulin, contributing to the onset of the insulin-resistant phenotype. Collectively, our data suggest that high levels of insulin can directly disrupt POMC neuronal function at the cellular level, resulting in dysregulation of the POMC transcript, which could further exacerbate the metabolic syndrome.
It has been established that hypothalamic POMC neurons play critical roles in the maintenance of energy and glucose homeostasis. However, the cellular mechanisms through which this regulation is achieved could be elucidated in far more detail if representative cell models were available for performing promoter studies, for treatment with pharmacological inhibitors of common signal transduction cascades, and for assessing secretion profiles from specific neuronal subpopulations. To this end, the mHypoA-POMC/GFP-1-4 neuronal cell models serve as an invaluable tool for gaining mechanistic insight into the central melanocortin system in healthy and diseased states. Future directions include the detailed molecular investigation of other processes that may be involved in the metabolic syndrome, such as hypothalamic autophagy (Kaushik et al. 2012) , glucose sensing (Parton et al. 2007) , neuroinflammation (Thaler et al. 2012) , and the circadian regulation of metabolism (Jamali & Tramu 1997) . It would also be of interest to further characterize each of the four cell lines, as based on their distinct morphologies and gene expression profiles, they may contain different subpopulations of POMC neurons. The presence of subtypes of POMC neurons in vivo is beginning to garner recognition in the literature, with recent evidence showing that insulin vs leptin responsiveness, and glutamate vs GABA production, occur in discrete POMC neuronal subpopulations with distinct morphologies and distributions within the ARC , Wittmann et al. 2013 . To date, we have found that the four lines are similar, but do display some distinct differences in expression profiles and neuronal morphology. We have also begun to analyze the inflammatory response in each of the four cell models to determine whether each responds equally to tumor necrosis factor a (TNFa), a pro-inflammatory cytokine known to be increased in obesity and postulated to be induced by high-fat diet. TNFa is also a downstream component of the canonical inflammatory cascade, inhibitor of IkB kinase b/nuclear factor kB pathway, which is also active in the hypothalamus (Zhang et al. 2008) . Interestingly, mHypoA-POMC/GFP-1 does not express NFkB but still responds to TNFa, as do the other three cell lines. However, only in the mHypoA-POMC/GFP-2 line do we detect an increase in POMC expression upon exposure to TNFa (Welhauser & Belsham, manuscript in preparation) . These studies are in progress to understand the downstream signaling events initiated by high-fat diet, palmitate, or TNFa exposure. Much remains to be elucidated regarding the physiological roles of subtypes of POMC neurons. The knowledge gained through the analysis of the mHypoA-POMC/GFP cell lines will complement in vivo studies, leading to a better understanding of POMC neuronal function in metabolic disorders such as obesity and T2DM and ultimately toward the development of novel therapeutic strategies to alter their course.
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